High pressure single-crystal X-ray structural analyses of isostructural MFM-133(M) (M = Zr, Hf) of flu topology and incorporating the tetracarboxylate ligand TCHB 4-[H 4 TCHB = 3,3',5,5'-tetrakis(4-carboxyphenyl)-2,2',4,4',6,6'-hexamethyl-1,1'-biphenyl] and {M 6 (µ-OH) 8 (OH) 8 (COO) 8 } clusters, confirm negative linear compressibility (NLC) behavior along the c axis. This occurs via a three-dimensional winerack NLC mechanism leading to distortion of the octahedral cage towards a more elongated polyhedron under static compression. Despite the isomorphous nature of these two structures, MFM-133(Hf) shows a higher degree of NLC than the Zr(IV) analogue. Thus, for the first time, we demonstrate here that the NLC property can be effectively tuned in a framework material by simply varying the inorganic component of the frameworks without changing the network topology and structure.
Introduction
Metal-organic frameworks (MOFs) are a class of porous materials constructed from inorganic ions/clusters bridged by organic linkers. Due to their high crystallinity the structures of these materials can often be accurately monitored by crystallographic methods 1 as a function of various external stimuli such as temperature and pressure. 2 Some MOFs undergo processes such as pressure-induced phase transitions 2b, 3 and amorphization 4 when exposed to high pressures. The mechanisms for these pressure-induced structural behaviors need to be fully understood before such materials can be considered for practical applications.
Although most materials contract in all dimensions under hydrostatic compression, others contract in one direction but expand in one or more directions, a rare phenomenon known as negative linear compressibility (NLC). 5, 6 Only a limited number of materials have been reported to exhibit NLC, the majority of which are inorganic species such as LaNbO 4 7 and elemental Se. 8 A few molecular frameworks such as methanol monohydrate 9 and metallocyanides such as Ag 3 [Co(CN) 6 ] 10 and KMn[Ag(CN) 2 ] 3 11 exhibit NLC properties, but this is extremely rare for MOFs. 12 Materials with NLC properties can find widespread use in highpressure environments such as deep-sea optical telecommunications devices and piezo responsive devices (i.e., highly sensitive pressure sensors, 13 smart body armor and shock-absorbing materials).
14 MOF-5 15 and ZIF-8 16 have been studied using in situ single-crystal diffraction techniques under hydrostatic pressure. Although these materials show structural changes associated with the penetration of guest molecules of the pressure-transmitting medium into the pores under high pressure, they do not show NLC behavior. Frameworks displaying NLC are generally associated with specific network topologies featuring "wine-rack" and honeycomb-like structural motifs. 5, 17 One well-known example is the MIL-53 family, which exhibits an extremely high degree of NLC, with a compressibility K NLC = -28 TPa -1 over 0-3
GPa. 18 Recently, a β-quartz-like framework [InH(BDC) 2 ] (H 2 BDC = benzene-1,4-dicarboxylic acid) has been reported to exhibit an extreme NLC (−62.4 TPa −1 ) involving a framework hinging mechanism. 19 The NLC behaviour of both the above examples correlates with the structural flexibility originating from the system of rigid elements connected by hinges. 20 The organic linkers provide another source of flexibility:
frameworks employing large organic struts tend to show some degree of flexibility, 21 but frameworks with both rigid linkers and rigid inorganic clusters should intuitively be rigid in the absence of framework hinging.
Herein we show that two rigid frameworks MFM-133(M) (M = Zr, Hf) constructed from a rigid tetracarboxylate linker ( Figure 1 ) and {M 6 (µ-OH) 8 (OH) 8 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 featuring the first examples of porous Zr(IV) and Hf(IV)-based MOFs displaying NLC. Despite the isomorphous nature of these two structures, MFM-133(Hf) shows a higher degree of NLC than the Zr(IV)
analogue. By analyzing the high pressure crystallographic data, we reveal the mechanisms behind the different NLC behaviors of these two frameworks, and thus, for the first time, we have demonstrated an example of using crystal engineering methods to tune the NLC properties of frameworks materials without altering the underlying topology and structure. High-pressure single crystal X-ray diffraction experiments were performed using a diamond anvil cell (DAC) 25 (see Supporting Information). Before loading a crystal into the DAC, residual DEF solvent from the synthesis was fully exchanged with 4:1 MeOH/EtOH which was used as the pressure transmitting medium. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 0.628(5) Å (3.2 %) and 521(6) Å 3 (4.2 %), respectively, whilst lattice parameter c increases by 0.732 (8) 28 to give a value for the bulk moduli B of 88.7 GPa (0-2 GPa), which is higher than for most other framework materials. 6 However, this value is significantly lower than the bulk moduli for the Zr materials UiO-67 (174 GPa) and
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UiO-abdc (580 GPa) 29 over the same pressure range 0-2 GPa, reflecting the relative softness of MFM-133(Zr). further confirms that flexibility and stability of this framework material, which is the important requirement for a material to find practical applications in high-pressure environments.
In order to understand the mechanism underlying the NLC in MFM-133(Zr) at a molecular level, we undertook an analysis of the structural changes under compression by constructing an octahedron with its vertices at the centroids of six {Zr 6 (µ-OH) 8 (OH) 8 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 reminiscent of the mechanism of the "wine-rack" motif, where the organic linkers act as rigid struts, while the inorganic clusters act as framework hinges. However, the framework of MFM-133(Zr) is different from the two-dimensional wine-rack topology shown by molecular networks such as MIL-53, 18 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 GPa, the a (or b) axis in MFM-133(Hf) has contracted by 6.5% compared to its starting value at ambient pressure, while the c axis has increased by 5.5%. The bulk modulus of MFM-133(Hf) was estimated using a second-order Birch−Murnaghan equation of state (Fig. S11) to give a value for B 0 of 44.8 GPa, lower than that of MFM-133(Zr).
The NLC in MFM-133(Hf) involves the same mechanism as in its Zr(IV) analogue, which is unsurprising given the isostructural nature of these two frameworks. Compared with the {Zr 6 } cluster, the {Hf 6 (µ-OH) 8 (OH) 8 
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